Introduction {#sec1-1}
============

The evolution from two-dimensional (2D) medical imaging to three-dimensional (3D) visualization has become a hot topic with the development of medical imaging and computer-assisted techniques. The 3D visualization of functional fascicular groups inside peripheral nerves can provide detailed 3D information on functional fascicles and fascicular groups, thereby providing crucial information for nerve rehabilitation in the clinical setting as well as the 3D construction of artificial nerves (Pommert et al., 2006; Ren and Pei, 2009; Sun et al., 2009). However, there remain technical problems that need to be solved for 3D visualization, including the acquisition of 2D panoramic images with locating spots, registration, identification and 3D reconstruction of the nerve groups. These procedures also require a great deal of time and manual effort. The biggest limitation is that the visualized spatial model is not accurate enough, which affects the reconstruction of the 3D microstructure of the nerves, as well as the detailed structure of the peripheral nerve.

Therefore, the present study focused on the key technical limitations during 3D reconstruction of peripheral nerves, such as the acquisition of panoramic images and computerized automatic image registration for serial slices. This study also tested the feasibility of third party software, such as Amira, in 3D reconstruction.

Materials and Methods {#sec1-2}
=====================

Materials {#sec2-1}
---------

A fresh sample of ulnar nerve from the upper arm was obtained within 24 hours after the death of a 35-year-old male donor who died from head injury in a car accident, without any lesions or tumors in the limb. The family of the deceased was approved by the Shenzhen Red Cross in China to donate the dead body (registration date: 2013-06-01). The family donated the body to the First Affiliated Hospital of Sun Yat-sen University of China (donation date: 2013-06-09) for clinical research. The family members of the deceased were aware of the details of the study and signed informed consent. Ethical approval was granted by the First Affiliated Hospital of Sun Yat-sen University of China (approval No. \[2013\]A-065).

Sample preparation and fixation {#sec2-2}
-------------------------------

A 20-cm-long ulnar nerve segment from the transverse striation at the top of the armpit to the internal epicondyle of the humerus was excised. The nerve segment had a width of 4.7 mm (external--internal) and a thickness of 2.8 mm (anteroposteriorly) at the proximal end, and a width of 4.0 mm (external--internal) and thickness of 3.2 mm (anteroposteriorly) at the distal end. The sample was then prepared and fixed. Briefly, the fatty tissue around the epineurium was removed, and the sample was placed on a soft wooden board with both ends pinned to prevent curling and deformation. Four strands of hair from an adult female (approximately 0.08 mm in diameter) were placed along the nerve on four sides parallel to its longitudinal axis, and fixed in 10% formalin solution and then embedded in paraffin for 2 hours to help keep the hair straight without curling or shifting. Afterwards, the sample was embedded in optimal cutting temperature compound and stored at −80°C for one week before analysis.

Sample slicing {#sec2-3}
--------------

The nerve sample was transected into 20-mm segments at −20°C, vertically embedded in optimal cutting temperature compound, and then horizontally sliced into 400 consecutive 15-μm-thick slices with an interval of 0.5 mm on a freezing microtome (Leica CM1850 UV, Leica Biosystems, Wetzlar, Germany). All slices were placed on siliconized slides with sequences marked.

Staining {#sec2-4}
--------

The slices were stained for acetylcholinesterase (AChE) using the Karnovsky--Roots copper hexacyanoferrate method to facilitate discrimination of different functional groups in 2D images. The staining reagent contained the following: acetylthiocholine iodide (Sigma-Aldrich, St. Louis, MO, USA) 100 mg; 0.1 M phosphate-buffered saline (PBS) solution 128 mL, containing 0.1 M dibasic sodium phosphate (Guangzhou No. 2 Chemical Reagent Factory, Guangzhou, China) 18 mL; 0.1 M potassium phosphate monobasic (Guangzhou No. 2 Chemical Reagent Factory) 14 mL; 0.1 M sodium citrate (Guangzhou No. 2 Chemical Reagent Factory) 8 mL; 30 mM copper sulfate (Tianjin Yongda Chemical Reagent Development Center, Tianjin, China) 20 mL; 5 mM potassium ferricyanide (Tianjin Yongda Chemical Reagent Development Center) 20 mL; and distilled water 16 mL. The solution was prepared 20 minutes in advance.

Within 4 hours of slicing, the slices were immersed in staining solution and placed in a 4°C refrigerator for 24 hours. The slices were then taken out and air-dried. Excessive deposition was rinsed off with PBS at 4°C. The slices were dehydrated in 95% alcohol and anhydrous alcohol, one minute each, and then treated with dimethyl benzene for three minutes. Finally, the slices were air dried and mounted in neutral gum.

Acquisition of 2D panoramic images {#sec2-5}
----------------------------------

Using re-imaging techniques, 800 slices before and after staining were photographed on a stereomicroscope (Z61; Olympus, Tokyo, Japan) using MSHOT MD90 micro-digital imaging equipment (Guangzhou Mingmei Technology Co., Ltd., Guangzhou, China). The 2D panoramic images were acquired using Mingmei software (image auto-splicing software) and saved with the following parameters: 3488 × 2616 pixels, 1.5 × 4.0 optical zoom, 24-bit color model, 72 × 72 dpi JPG format file, with a size of 500 kB each, 400 MB in total.

2D panoramic images with indication spots {#sec2-6}
-----------------------------------------

The 2D panoramic image layers before and after AChE staining were registered in line with the contours of nerve bundles using the layering technique in Photoshop CS2 (Adobe, San Jose, CA, USA). Four round spots were marked manually according to the location and size of the adult hairs that were placed as locating marks before staining. The panoramic images with adult hairs as indication spots were deleted. In the end, 400 recomposed panoramic images with four marked indication spots were obtained.

Image registration and segmentation {#sec2-7}
-----------------------------------

Image registration: Four locating spots were recognized by optimized least square support vector machine (optimized LS--SVM), together with functions of stretching and shifting in computer-supported image processing. The images were processed and registered using external control points. A total of 400 panoramic images after AChE staining were obtained. The recognition accuracy of the four locating spots was verified by comparing the results with those obtained by normal LS--SVM and by radial basis function neural network.

Image segmentation: The images were processed using improved coarse K-means clustering method after AChE staining, which organizes pixel spots in proximity to each other with similar grayscale shades into separate groups. The serial boundaries of functional groups were obtained using gradient vector flow model. However, because this algorithm cannot automatically differentiate individual fascicular groups, and the automatic contour segmentation lacks precision, the fascicular groups had to be distinguished manually according to differences in AChE staining features when 3D reconstruction was performed with Amira 4.1 software (TGS, Bordeaux, France).

3D reconstruction {#sec2-8}
-----------------

Compared with the original 2D images, every functional fascicular group was distinguished after registration and segmentation. The results indicated that the ulnar nerves from the upper arm did not have branches, and that the fascicular groups were compound bundles. Those groups that were deeply and uniformly stained were likely compound bundles composed mostly of sympathetic fibers. Moreover, those groups in which the AChE-positive areas were spotted were likely compound bundles with motor fibers. Those groups in which staining appeared solid or spotted were classified as compound bundles. Data channels were constructed for fascicular groups with different characteristics.

All different data channels were delivered to the 3D reconstruction Amira 4.1 software (TGS). At this stage, each channel was processed individually, and the three different data channels were combined to complete the whole 3D reconstruction, displaying the stereoscopic running and variation of functional fascicular groups with different characteristics. Furthermore, the zigzag boundaries were deleted and optimized by functions in Amira 4.1 software to achieve the best reconstruction.

Results {#sec1-3}
=======

Acquisition of 2D panoramic images with full locating spots after being processed by re-imaging techniques and Photoshop software {#sec2-9}
---------------------------------------------------------------------------------------------------------------------------------

Each nerve slice was photomicrographed with a stereomicroscope (Z61; Olympus) and MSHOT MD90 digital imaging equipment before and after the AChE staining. The image before staining was clear with complete and accurate locating spots, and the nerve contour was clear. After staining, although the contour was clear, the locating spots were either missing or had shifted. When the images before and after staining were uploaded into Photoshop, the contours were matched to a great extent. Moreover, the locating spots were accurate. A final picture could be obtained in as fast as 30 seconds with satisfactory results ([**Figure 1**](#F1){ref-type="fig"}).

![Re-imaging technique.\
(A) Before AChE staining. (B) After AChE staining. (C) After Photoshop layer processing. AChE staining was used to recognize differences among functional fascicular groups. The long arrow indicates motor dominance bundles with deep staining. The long triangular arrow indicates sensory dominance bundles with light staining. The short triangular arrows indicate locating points. Photoshop layer processing was used, and locating points were obtained. AChE: Acetylcholinesterase.](NRR-13-1465-g002){#F1}

Verification of the registration algorithm {#sec2-10}
------------------------------------------

All nerve slices were registered using the registration algorithm. [**Figure 2A**](#F2){ref-type="fig"} shows the image before registration, in which two oval spots served as marks. [**Figure 2B**](#F2){ref-type="fig"} shows the standard image. [**Figure 2C**](#F2){ref-type="fig"} displays the registered image after the image in **Figure** [**2A**](#F2){ref-type="fig"} and [**B**](#F2){ref-type="fig"} are registered. The differences between the coordinates of pixels in **Figure** [**2A**](#F2){ref-type="fig"} and [**B**](#F2){ref-type="fig"} are quite obvious. However, the coordinates are exactly the same after registration in **Figure** [**2B**](#F2){ref-type="fig"} and [**C**](#F2){ref-type="fig"} and C, which indicates a successful registration.

![Verification of registration.\
(A) The image before registration: Two oval spots served as marks. (B) The standard image. (C) The registered image for A and B.](NRR-13-1465-g003){#F2}

Accuracy of registration: 400 2D images of serial histological sections from the ulnar nerve in sectional view (20 cm in length, with an interval of 0.5 mm) were registered by optimized LS--SVM. The error rate was 8.25%, which is more accurate than the 11.375% obtained with normal LS--SVM and the 14.75% of radial basis function neural network.

3D reconstruction of functional fascicular groups inside the long-segment peripheral nerve {#sec2-11}
------------------------------------------------------------------------------------------

On original 2D panoramic images, we observed three kinds of nerve bundles: compound bundles, compound bundles of motor dominance, and compound bundles of sensory dominance, most of which were compound bundles. Three channels were constructed after the original registered images were input into Amira 4.1 software, one for each distinct nerve bundle: the compound bundle in yellow; the compound bundle of sensory dominance in red; and the compound bundle of motor dominance in green ([**Figure 3**](#F3){ref-type="fig"}). Direct channel was captured in Amira 4.1 software individually so that the crossing and merging of the different bundles could be distinguished after the 3D reconstruction ([**Figure 4**](#F4){ref-type="fig"}). The 3D visualization structure could be observed from various angles ([**Figure 5**](#F5){ref-type="fig"}). The 3D model from an arbitrary point of view is shown in [**Figure 6**](#F6){ref-type="fig"}, and the 3D model from a different point of view is shown in [**Figure 7**](#F7){ref-type="fig"}. These figures show the course of the ulnar nerve in the upper limb.

![Obtaining the outline of functional fascicular group directly in Amira 4.1 software, and the data channel establishment of different fascicular groups.\
Red area: Compound bundles of sensory dominance; green area: compound bundles of motor dominance; yellow area: compound bundles.](NRR-13-1465-g004){#F3}

![Direct channel captured in Amira 4.1 software.\
(A) Compound bundle channels. (B) Compound bundle channels of sensory dominance.](NRR-13-1465-g005){#F4}

![Arbitrary points of view (A, B, C) of the three-dimensional model of the functional fascicular group in a 20-cm ulnar nerve segment of the upper limb in horizontal axis (X axis, D), coronal axis (Y axis, E) and sagittal axis (Z axis, F).\
Reconstructed long ulnar nerve functional bundle of the upper arm can be visualized as a three-dimensional structure, which can be cut from different angles of view, at any cross-section or locally. Red area: Compound bundles of sensory dominance; green area: compound bundles of motor dominance; yellow area: compound bundles. The three-dimensional visualization structure can be observed from various angles.](NRR-13-1465-g006){#F5}

![Images of arbitrary intersection of the three-dimensional model.\
The three-dimensional model can almost fit the original two-dimensional image. (A) The 10^th^ layer from the distal end. (B) The 145^th^ layer from the distal end. (C) The 240^th^ layer from the distal end. Reconstructed long ulnar nerve functional bundle of the upper arm can be visualized as a three-dimensional structure, which can be cut from different angles of view, at any cross-section or locally. Red area: Compound bundles of sensory dominance; green area: compound bundles of motor dominance; yellow area: compound bundles.](NRR-13-1465-g007){#F6}

![Arbitrary parts of the three-dimensional model from different points of view.\
The right image shows the two places where the functional fascicular groups merge. (A) The 1^st^--68^th^ layers from the distal end. (B) The 35^th^--54^th^ layers from the distal end. (C) The 182^nd^--200^th^ layers from the distal end. Red area: Compound bundles of sensory dominance; green area: compound bundles of motor dominance; yellow area: compound bundles.](NRR-13-1465-g008){#F7}

Discussion {#sec1-4}
==========

It is known that the regeneration of the damaged nerve after peripheral nerve injury is the key to functional recovery. Optimal regeneration can be achieved by accurately matching each functional bundle to provide the best channels for the growth of regenerating axons. In this study, we aimed to establish a 3D model of functional bundles in the human ulnar nerve, and to investigate the relationship among them. This may help achieve precise functional bundle anastomoses for repairing nerve injur, and also provide a visual 3D spatial reference for the construction of the internal spatial structure of tissue-engineered nerve bridges. However, some technical problems still need to be solved for 3D visualization, including the acquisition of 2D panoramic images with locating spots, registration, identification and 3D reconstruction of the nerve groups.

3D reconstruction of internal fascicular groups based on serial histological sections of peripheral nerves {#sec2-12}
----------------------------------------------------------------------------------------------------------

The 3D reconstruction of the internal functional fascicular groups based on serial histological sections of peripheral nerves is currently a hot research topic. It has been shown that serial histological nerve section images are more precise and accurate than those obtained by microsection. The earliest research in this field was carried out by Chen et al. (2003), who performed 3D reconstruction of the brachial plexus.

Zhong et al. (2010) successfully performed 3D reconstruction of functional fascicular groups in short segments of the common peroneal nerve. The models were quite clear and stereoscopic (Zhang et al., 2009).

However, because there are technical problems, such as the acquisition of panoramic images, acquisition of location spots, registration and segmentation, mature imaging techniques such as CT, MRI and laser scan cannot reveal detailed information on the nerve stem.

Key technical problems in 3D reconstruction of functional fascicular groups inside the peripheral nerve {#sec2-13}
-------------------------------------------------------------------------------------------------------

Acquisition of the marker: Locating the marker is a primary problem (Baheerathan et al., 1998). Human hair is considered the most suitable locating material (Zhang et al., 1999). However, we found that the adhesion of human hair was not satisfactory, and it could not meet the demands of automatic registration by computer. We discovered that adhesion was better on slides, and therefore, re-imaging method and hand drawn location spots were combined with automatic image synthesis.

Acquisition of 2D panoramic images: Another technical problem in this study was the acquisition of 2D panoramic images. Currently, digital scanning and micrographs are the two main methods for obtaining 2D images of the sections. The former can only produce lower resolution images, while the latter can produce higher resolution images; however, it is difficult to obtain complete panoramic images, because only one photograph can be placed at a time under a high-magnification microscope, limiting the processing of photographs and leading to inaccuracy.

In this study, 2D panoramic images of nerve sections were obtained on an Olympus Z61 stereomicroscope combined with MSHOT MD90 digital imaging equipment. The obtained image mosaic displayed a clear contour of the peripheral nerves, which made discrimination of peripheral groups easy. The simple procedure and accurate images suggest that it is a practical way to obtain 2D panoramic images.

Automatic registration and segmentation: Registration includes correctly shifting (Hibbard et al., 1993; Ross et al., 1994), rotating and transforming the slices, which depends on the locating spots. Two key problems need to be solved for automatic registration. One is searching and recognizing the locating spots in the microsection images. The other is correcting the images. In this study, we used the dynamic clustering algorithm for integration pattern recognition that could support vector machine theory. We also used an improved genetic algorithm for parameter optimization and studied artificial intelligent registration of the microscopic images of peripheral nerve sections in the realization of 3D visualization of peripheral nerves. To resolve the first key problem, we adopted optimized LS--SVM, which is easy to use and can recognize round objects. Even if there are a few pixels outside the template, recognition of the borderline is not affected. Consequently, accuracy and efficacy were enhanced (Sahoo et al., 1988). For the second key problem, conic calibration was used to correct image distortion, which has been a norm in fields such as industrial image correction.

Segmentation refers to the splitting of target objects from a complex background. The 2D images of peripheral nerves obtained by current technologies have various problems, including small variations in grayscales and irregular contour information. A satisfactory result is difficult to obtain with any one segmentation method alone (Chen, 2013). To solve the problem of non-consecutive borderlines in images of functional fascicles of the peripheral nerve, a dynamic clustering algorithm was used to process the images. We managed to cluster pixels with a similar grayscale in the center of the images into separate groups. With the encroaching technique, a designated pixel in the center of a functional fascicle of a peripheral nerve could be enlarged into an area encompassing the whole fascicle without crossing over the border. Consequently, we acquired a relatively precise borderline of functional fascicles. Because the dynamic clustering algorithm does not need the user to indicate the number of groups to be separated or the center of a group, it has been used successfully in areas such as image segmentation.

For the classification of the functional groups inside nerves, a relatively advanced method at present is micro-Raman spectrum analysis, which can be used to study and analyze the specific structures of peripheral nerve fascicles to obtain specific features of tissues, such as motor fascicles and sensory fascicles (Wang et al., 2006). Nevertheless, there is currently no published report on automatic Raman spectrum recognition. This technique requires further exploration.

Software applied in the 3D reconstruction of the peripheral nerve {#sec2-14}
-----------------------------------------------------------------

Currently, there is no suitable software that can meet the demand of 3D reconstruction of peripheral nerves. Amira 4.1 software, newly developed by the French company TGS, is a 3D visualization and reconstruction software that has been widely used in varies fields, such as biomedicine, material science, physical geography and engineering, because of its effectiveness in reconstruction (Xu et al., 2007; Yang et al., 2007). Using Amira 4.1 software, we achieved the 3D reconstruction of functional fascicular groups of a long ulnar nerve segment from the upper arm. Amira 4.1 software can directly input color images in different formats and automatically change them into images in grayscale. This simplifies 2D image pre-processing. Moreover, the software includes a built-in program to split images so that contour outlining can be done inside Amira 4.1 software. The software can automatically smoothen the zigzag effect produced by stacking consecutive slices and the variation of contours of matching objects in different slices to help reduce matching errors in section images of peripheral nerves. It is very suitable for nonrigid slice images of nerves and can dramatically simplify the process of 3D reconstruction. However, Amira 4.1 failed to resolve the segmentation problem of insignificant contrast in grayscale between peripheral nerves and surrounding soft tissue, and therefore, channel segmentation still had to be realized by manually marking the functional fascicular groups with different grayscales. Because the manual work is time-consuming, and inevitably leads to human errors, a more efficient and reliable automatic segmentation method is urgently needed.

In addition to the key technical problems that need to be solved, 3D reconstruction of human peripheral nerves has to be performed quickly, efficiently and accurately. Our results should help in the development of a digital system for visualizing the microstructure of peripheral nerves and help advance the treatment of peripheral nerve defects and injuries.
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